Introduction {#S0001}
============

Cordycepin is an adenosine analogue (3′-deoxyadenosine) derived from the fungus *Cordyceps militaris*. Cordycepin possesses an array of pharmacological activities including anti-bacterial, anti-fungal, anti-inflammatory, immune modulatory, autophagy inducing, anti-atherosclerotic and anti-cancer activities.[@CIT0001]--[@CIT0004] The anticancer activity is attributed mainly to the capacity of cordycepin to induce apoptosis, arrest cell cycle and reduce metastasis.[@CIT0005]--[@CIT0009] As a nucleoside antagonist, cordycepin inhibits RNA synthesis and poly (ADP-ribose) polymerase pathways that repair damaged DNA and causes DNA double-strand breaks in breast cancer cells.[@CIT0007]

Due to its structural similarity ([Figure 1](#F0001){ref-type="fig"}) with adenosine, cordycepin is rapidly metabolized by the enzyme adenosine deaminase (ADA) into an inactive metabolite: - 3ʹ deoxyhypoxanthinosine.[@CIT0002],[@CIT0010],[@CIT0011] ADA is produced by cells throughout the body and is associated with the activation of lymphocytes in the immune system. Although ADA is also present in normal cells, its levels are usually higher in breast cancer cells due to stimulation of cellular immunity, which would further speed up the inactivation of cordycepin.[@CIT0012] Deficiency of ADA activity can lead to immune deficiency and pulmonary inflammation.[@CIT0013] Due to these issues, strategies like co-administration with ADA inhibitors like 2ʹ-deoxycoformycin (pentostatin) to protect cordycepin have failed.[@CIT0002],[@CIT0014] Moreover, the half-life of cordycepin elimination is extremely short (ie t~1/2~ = 1.6 min in rats).[@CIT0015] As the consequences of ADA activity on cordycepin are unavoidable, a strategy that could protect the drug from this enzyme and extend its half-life in the circulation would be probably the best way to improve its clinical efficacy.Figure 1Structure of cordycepin (**A**) and adenosine (**B**) obtained from the Pubchem database showing similarity.

Since nanoencapsulation could protect the entrapped drug molecules from harsh conditions (chemical and enzymatic degradation), encapsulation of anticancer drugs in polymeric nanoparticles has received a great deal of attention.[@CIT0016]--[@CIT0018] Furthermore, these polymeric nanoparticles are biocompatible, biodegradable, and possesses the ability to maintain drug levels at therapeutic concentration for sustained periods of time.[@CIT0019] It has been reported that oral administration of cordycepin encapsulated in gelatin nanoparticles did not induce subacute toxicity in rats.[@CIT0020] Combination of cordycepin encapsulated in chitosan microspheres and photo-crosslinked hyaluronic acid methacrylate hydrogel was found to be a promising strategy for treating patients with osteoarthritis.[@CIT0021] Liposomal encapsulation has been shown to preserve and even enhance the in vivo anti-tumor activity of cordycepin.[@CIT0014] Further, conjugation of transferrin to these liposomes was found effective in the targeted delivery of cordycepin to liver cancer cells.[@CIT0022]

PLGA is a non-toxic, biodegradable and biocompatible polymer approved by FDA for drug delivery applications that has been extensively used in the encapsulation of drug molecules to enhance their clinical efficacy. PLGA consists of monomers of polylactic acid and polyglycolic acid, which degrade through hydrolysis but are resistant to enzymatic degradation.[@CIT0023] PLGA nanoparticles were shown to rapidly escape from endolysosomes and enter the cytoplasm within 10 min of incubation with cells, which is important for the intracellular delivery of anticancer drugs.[@CIT0024],[@CIT0025] Additionally, PLGA nanoparticles can entrap drugs efficiently and enhance endocytosis towards cancer cells.[@CIT0026] Due to these reasons, nanoencapsulation in PLGA might be an excellent option to improve the clinical efficacy of drugs which have short with low half-lives and are susceptible to enzymatic degradation -- such as cordycepin.

Nevertheless, cellular toxicity of cordycepin nanoformulations in general and nanoencapsulation of cordycepin in PLGA specifically have not been reported so far to the best of our knowledge. In this article, we report on the preparation of cordycepin-loaded PLGA nanoparticles, their physico-chemical characterization, cellular uptake, cytotoxicity and hemolytic activity in comparison with free cordycepin for the first time.

Materials and Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

Cordycepin was purchased from Solarbio Life Sciences (Beijing, China). Curcumin, PLGA 50:50 (Mw 24000--38000) and polyvinyl alcohol (PVA-31000**--**50000 Da) were procured from Sigma-Aldrich Company (Steinheim, Germany). Tween-80 and methanol were procured from Tianjin Chemical and Reagents (Tianjin, China). All reagents used in this study were of analytical grade.

Preparation of Cordycepin-Loaded PLGA Nanoparticles {#S0002-S2002}
---------------------------------------------------

Cordycepin-loaded PLGA nanoparticles (CPNPs) were prepared by the double-emulsion solvent evaporation technique using high-speed homogenization. To optimize the formulations, various polymer concentrations (50 and 100 mg) and volumes of organic phase (5 and 7.5 mL) were tested ([Table 1](#T0001){ref-type="table"}). Briefly, cordycepin was dissolved in 1 mL of deionized water containing 50 µL Tween 80, and PLGA was dissolved in dichloromethane (DCM). The aqueous solution containing cordycepin was emulsified in the organic phase containing PLGA and homogenized for 5 min at 15000 rpm (IKA T 25 Ultra-Turrax homogenizer) to form a water in oil (W/O) emulsion. This emulsion was added dropwise into 50 mL aqueous solution of 1% PVA and homogenized at 18000 rpm for 15 min to form a W/O/W double emulsion. Then, the DCM in the emulsion was evaporated by magnetic stirring at 800 rpm overnight to obtain CPNPs. Curcumin loaded PLGA nanoparticles were prepared in the same manner to investigate the cellular uptake of nanoparticles.[@CIT0027]Table 1Drug, Polymer, Solvent and Stabilizer Composition in Various Batches Tested for the Production of CPNPsCodeCordycepin (mg)PLGA (mg)DCM (mL)PVA (%)C1105051C21010051C310507.51C4101007.51

Particle Size and Polydispersity Index {#S0002-S2003}
--------------------------------------

The average particle size and polydispersity index (PDI) of nanoformulations were determined by photon correlation spectroscopy in a Malvern Zetasizer (nano ZS90, Malvern Instruments). All the measurements were performed in triplicate.

Zeta Potential {#S0002-S2004}
--------------

The zeta potential of nanoparticles was measured at 25°C using a Malvern Zetasizer (Nano ZS90, Malvern Instruments). The samples were diluted using double distilled water and the zeta dip was used to measure the zeta potential.

Transmission Electron Microscopy (TEM) {#S0002-S2005}
--------------------------------------

Morphological characteristics of the nanoparticles were studied by TEM analysis. Samples were prepared by placing the nanoparticle suspension onto a copper grid and allowing it to air dry. Dried samples were negatively stained with sodium phosphotungstate solution (1%, w/v) and images were taken in a transmission electron microscope (Hitachi-HT7700, Hitachinaka, Japan).

Determination of Encapsulation Efficiency {#S0002-S2006}
-----------------------------------------

To estimate the encapsulation efficiency, 3 mL sample from each formulation was centrifuged at 23000 rpm (44948 × *g*) for 30 min at 10°C. The free drug concentration was analyzed in the supernatant by reverse-phase high-pressure liquid chromatography (RP-HPLC) using an Agilent Technologies 1260 Infinity high-pressure liquid chromatograph equipped with a VL-1260 DAD detector as described previously.[@CIT0028] Chromatographic separation was carried out on an RP C18 (4.6×100mm) Zorbax column (Agilent Technologies, USA), using H~2~O: MeOH (85:15) as the mobile phases with a flow rate of 1 mL/min and 10µL injection volume. Absorbance was recorded at 260 nm and quantification was done by the external standard method. The encapsulation efficiency (EE) of nanoformulations was determined by the following equation. $$\documentclass[12pt]{minimal}
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Drug-Release Profile of Nanoparticles {#S0002-S2007}
-------------------------------------

In vitro drug-release studies were performed using a dialysis bag (Mw 2000--14000 Da). Briefly, 3 mL of CPNPs was placed in dialysis bag, hermetically sealed and immersed into 50 mL of PBS (pH 7.4). The entire set-up was kept at 37±1°C under continuous magnetic stirring at 50 rpm. At different time points (0, 6, 12, 18, 24, 48, 72, 96, 120, 144, 168, 192, 216 and 240 h), 1 mL of PBS was withdrawn and replaced by fresh buffer solution to maintain constant volume. The concentration of cordycepin in each sample was determined by RP-HPLC as described above.

Cellular Uptake of Nanoparticles {#S0002-S2008}
--------------------------------

Human breast cancer cells (MCF-7; ECACC 86012803) were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 μg/mL streptomycin (Invitrogen, Paisley, UK) at 37°C in a humidified incubator with 5% CO~2~. Cells were seeded in 8-well ibiTreat microscopy chamber (Ibidi, Martisried, Germany) and incubated for 24 h. After confirming the attachment and growth of cells, free curcumin (50 µg/mL) or curcumin loaded PLGA nanoparticles were added to the wells. After 4 h of incubation, fluorescent images were taken with a 63X objective on a Zeiss Axio Observer inverted microscope equipped with a Zeiss LSM 700 confocal module (Carl Zeiss Microimaging GmbH, Jena, Germany).

Cytotoxicity of Nanoparticles {#S0002-S2009}
-----------------------------

The effect of CPNPs on the proliferation of MCF-7 cells was determined using the MTT assay. Cells were plated at a concentration of 5000 cells per well in flat bottom 96-well plates. After 24 h of incubation at 37°C, the culture medium was replaced with 200 µL of fresh medium containing different concentrations (5, 10, 20, 50, 100, 200, 400 µg/mL) of cordycepin or equivalent CPNPs and incubated as above for another 24 h. The medium was removed again and replaced with 100 µL of fresh medium containing 500 µg/mL of MTT and incubated for 1 h. Then, 100 µL SDS solution (20% w/v, water: DMF at 1:1 ratio, pH 4.7) was added to each well and further incubated for 24 h to dissolve the formazan crystals.[@CIT0029] The absorbance of the reaction mixture was read at 570 nm in an ELISA plate reader (Victor 1420, Perkin Elmer) to quantify formazan. The cell viability was calculated as a measure of the MTT converted into formazan.

Hemolytic Potential of Nanoparticles {#S0002-S2010}
------------------------------------

The hemolytic potential of cordycepin and CPNPs was tested in rat red blood cells (RBCs). CPCSEA guidelines were followed and approval for carrying out the experiment was obtained from the Animal Ethics Committee of the Ratnam Institute of Pharmacy, Nellore, A.P, India. Fresh blood collected from the orbital sinus of animals in vials rinsed with trisodium citrate was centrifuged at 1500 rpm (211 × *g*) for 15 min to pellet the RBCs. The RBC pellet was washed three times with normal saline and resuspended in normal saline to obtain a 2% (v/v) suspension. Then, different concentrations of cordycepin (50 and 100 µg/mL) and equivalent CPNPs dissolved in normal saline were added to 2.5 mL of RBC suspension in glass tubes. Distilled water and normal saline were used, respectively, as positive and negative controls. After incubating the tubes for 4 h at 37ºC, the tubes were centrifuged at 587 × *g* for 10 min in a tabletop centrifuge. The supernatants were observed for any indication of hemolysis.

Statistical Analysis {#S0002-S2011}
--------------------

Statistical analyses of data were performed using GraphPad Prism version 8.0.0 (GraphPad Software, San Diego, California USA). Results were expressed as the means of three replications ± standard deviation (SD). Statistical signiﬁcance between different treatments was tested by two-way ANOVA followed by Bonferroni's post hoc test.

Results and Discussion {#S0003}
======================

Preparation and Characterization of Cordycepin-Loaded PLGA Nanoparticles (CPNPs) {#S0003-S2001}
--------------------------------------------------------------------------------

CPNPs were successfully prepared by double-emulsion solvent evaporation method in the present study. First, we optimized the stabilizer (PVA) concentration by keeping the polymer content and solvent volume constant. Among the tested PVA concentrations (0.25%, 0.5%, 0.75% and 1%), stable nanoformulations could be obtained only at 1%. PVA concentration lower than 1% resulted in the phase separation of formulations, probably due to insufficient amount of stabilizer necessary to cover the nanoparticles. Hence, 1% PVA was selected for the preparation of different batches of CPNPs formulations. Four concentrations of PLGA (0.66%, 1%, 1.33% and 2%) in the organic phase representing two volumes (5 and 7.5 mL) were tested.

Particle size of the formulations was directly proportional to the polymer concentration and found to be in the range of 179±2.6 to 246.1±1.8 nm ([Table 1](#T0001){ref-type="table"}). In addition to confirming the size range, TEM imaging revealed the spherical shape of CPNPs and the lack of aggregation ([Figure 2A](#F0002){ref-type="fig"}). The absence of aggregation in CPNPs formulations can be attributed to the presence of PVA, which could be seen as a bright ring covering the surface of CPNPs in the TEM images. Previous studies have also shown that PVA is a promising stabilizer for the preparation of PLGA nanoparticles as it offers stability against aggregation.[@CIT0030],[@CIT0031] Particle size distribution of the CPNPs formulation C3 is shown in [Figure 2B](#F0002){ref-type="fig"}. It is known that an increase in the polymer concentration will also increase the viscosity of the solution and will eventually reduce the rate of evaporation of the solvent from the polymer resulting in the formation of bigger particles.[@CIT0032] On the other hand, low concentration of polymer could provide more room for its dispersion leading to the formation of smaller particles.[@CIT0018] Correspondingly, when the concentration of polymer was reduced, the particle size was also decreased in the present study. Figure 2(**A**) Transmission electron micrograph showing cordycepin-loaded PLGA nanoparticles (CPNPs) of C3 formulation and (**B**) Histogram showing the size distribution of CPNPs in the formulation.

The zeta potential of the nanoparticles was found to be in the range of −15.2±0.8 to −18.4±0.6 mV ([Table 2](#T0002){ref-type="table"}). The encapsulation efficiency of the nanoparticles ranged between 53.4±1.4 and 72.3±3.5% as revealed by RP-HPLC analysis ([Figure 3](#F0003){ref-type="fig"}). A direct relationship between the amount of PLGA used and the encapsulation efficiency of cordycepin was observed in our study ([Table 2](#T0002){ref-type="table"}). With an increasing concentration of PLGA, the encapsulation efficiency also increased. Similarly, increasing the volume of organic solvent also increased the encapsulation efficiency. This may be due to the increased space availability in the particles. The C4 formulation showed the highest entrapment efficiency of 72.3±3.5%, whereas the C3 formulation was second highest (65.7±2.4). Table 2Average Particle Size, Size Distribution, Zeta Potential and Encapsulation Efficiencies of CPNPs Obtained from Various FormulationsCodeParticle Size (nm)PDIZeta Potential (mV)Encapsulation Efficiency (%)C1214.7 ± 3.60.224 ± 1.2−15.2 ± 0.853.4 ± 1.4C2246.1 ± 1.80.200 ± 2.1−15.8 ± 1.261.2 ± 2.6C3179.0 ± 2.60.220 ± 3.2−18.4 ± 0.665.7 ± 2.4C4212.4 ± 5.20.206 ± 4.1−17.6 ± 0.972.3 ± 3.5 Figure 3HPLC chromatogram of standard cordycepin (**A**), UV spectrum of standard cordycepin (**B**), HPLC chromatogram of cordycepin extracted from CPNPs (**C**) and, UV spectrum of cordycepin extracted from CPNPs (D).

Sustained Release of Cordycepin from Nanoparticles {#S0003-S2002}
--------------------------------------------------

Around 30% of the drug was released from the dialysis bag into the surrounding medium within 24 h. Whereas, to reach 65% release, it took about 10 times longer ie 240 h ([Figure 4](#F0004){ref-type="fig"}). The major factors known to affect the release of drugs from PLGA nanoparticles are the solubility of drug, molecular weight of PLGA and its glycolide content. PLGA (50:50) used in the present study contains 50% of glycolic acid, which could make the resulting nanoparticles hydrophilic. Water penetration into the matrix of the CPNPs might be higher than the rate of polymer degradation leading to the bulk release of cordycepin solubilized in water initially. Once equilibrium of cordycepin concentration is achieved, the increase in cumulated drug content is very likely due to the release of encapsulated cordycepin via hydrolytic degradation of PLGA. In order to extend the release further, it is preferable to use PLGA with a lower glycolic acid content eg PLGA 75:25 or 65:35. In addition, the molecular weight and chain length of the polymer also affected the drug release. Increase in the chain length increases the lipophilicity and decreases the degradation rate of the polymer, which will affect the release kinetics of the drug.[@CIT0033] Thus, the drug release from the nanoparticles can be controlled also by altering the molecular weight of the polymer.Figure 4In vitro release profile of cordycepin from CPNPs in PBS at pH 7.4 (mean ± SD, n = 3). Statistical analysis of data was performed using two-way ANOVA, followed by Bonferroni post hoc test. C2 vs C3: \*p\<0.05, \*\*\*p\<0.001; C1 vs C2: ^\$^p\<0.05; C2 vs C4: ^\#^p\<0.05.

Cellular Uptake and Cytotoxic Potential of Cordycepin Nanoparticles {#S0003-S2003}
-------------------------------------------------------------------

Both free and nano forms of cordycepin were evaluated for their cytotoxic potential in human breast cancer cells (MCF-7) via MTT assay ([Figure 5](#F0005){ref-type="fig"}). The IC~50~ value of CPNPs (16.79 µg/mL) was about 3 times lower than that of free drug (47.84 µg/mL). In order to understand the mechanism behind the robust cytotoxicity of CPNPs, we studied their uptake by MCF-7 cells. Since cordycepin does not have fluorescent properties, it is not possible to observe the uptake of cordycepin or cordycepin nanoparticles by fluorescence microscopy. Hence, we used curcumin as a fluorescent marker to evaluate the uptake efficiency in MCF-7 cells. Curcumin loaded PLGA nanoparticles were prepared in the same manner as that of cordycepin nanoparticles and incubated with the cells. Observation of cells after treatment under a confocal microscope showed high intensity green fluorescence in the curcumin nanoparticles treated cells, whereas fluorescence was weakly observed in free curcumin treated cells revealing that the nanoparticles were efficiently taken up by the cells ([Figure 6](#F0006){ref-type="fig"}), possibly via endocytosis.[@CIT0029],[@CIT0034] In a similar manner, the CPNPs might have been efficiently taken up by the MCF-7 cells. Hence, the enhanced cytotoxicity of CPNPs observed in the present study may be due to their efficient uptake by MCF-7 cells. Cellular uptake is an important factor in drug delivery because it is closely related to the therapeutic efficiency as well as the toxicity effect of drug-loaded nanoparticles.[@CIT0035]Figure 5Comparison of cytotoxic potential of free cordycepin and CPNP in MCF-7 cells (mean ± SD, n = 3). Statistical analysis of data was performed using two-way ANOVA, followed by Bonferroni post hoc test. Cordycepin vs CPNPs (\*\*p\<0.01, \*\*\*p\<0.001).Figure 6Uptake of curcumin (**A**) and curcumin loaded PLGA nanoparticles (**B**) by MCF-7 cells after 4 h of incubation as revealed by green fluorescence under the confocal microscope.

Hemolytic Activity of Cordycepin Nanoparticles {#S0003-S2004}
----------------------------------------------

Free cordycepin lysed rat RBCs at both the tested concentrations (50 and 100 µg/mL) in the present study ([Figure 7](#F0007){ref-type="fig"}). Similar dose-dependent induction of hemolysis has been reported for cordycepin concentrations above 150 µM (62.5 µg/mL) in mouse erythrocytes.[@CIT0036] CPNPs did not cause embolization or RBC lysis even at 100 µg/mL cordycepin concentration equivalent ([Figure 7E](#F0007){ref-type="fig"}). The absence of hemolysis in CPNPs treated RBCs even at this concentration, which is several times higher than that of its cytotoxicity IC~50~ value (16.79 µg/mL) clearly argues that nanoformulation of cordycepin could also be safely administered via intravenous route.Figure 7Effect of free cordycepin and CPNPs on the hemolysis of in rat RBCs. (**A**) distilled water; (**B**) normal saline; (**C**) 50 µg/mL free cordycepin; (**D**) 100 µg/mL free cordycepin; (**E**) 100 µg/mL CPNPs.

Conclusion {#S0004}
==========

In the present study, cordycepin has been efficiently encapsulated in PVA stabilized PLGA nanoparticles, which were characterized for their physico-chemical properties for the first time. Results of the in vitro drug-release study clearly show that the half-life of cordycepin could be significantly increased by PLGA nanoencapsulation. The better cytotoxicity of CPNPs compared to free cordycepin in breast cancer cells further indicates that delivering the drug as nanoparticles could enhance its clinical efficacy. RBCs treated with CPNPs did not suffer hemolysis, emphasizing that the CPNPs may possibly be safe for administration via intravenous route as well. However, an elaborate pharmacokinetic and toxicological profiling of the CPNPs would be certainly beneficial for further development.
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